Rat liver sinusoidal endothelial cells (LEC) contain fenestrae, which are clustered in sieve plates. Fenestrae control the exchange of fluids, solutes and particles between the sinusoidal blood and the space of Disse, which at its back side is flanked by the microvillous surface of the parenchymal cells. The surface of LEC can optimally be imaged by scanning electron microscopy (SEM), and SEM images can be used to study dynamic changes in fenestrae by comparing fixed specimens subjected to different experimental conditions. Unfortunately, the SEM allows only investigation of fixed, dried and coated specimens. Recently, the use of atomic force microscopy (AFM) was introduced for analysing the cell surface, independent of complicated preparation techniques. We used the AFM for the investigation of cultured LEC surfaces and the study of morphological changes of fenestrae. SEM served as a conventional reference.
Introduction
Sinusoidal liver endothelial cells (LEC) line the hepatic sinusoids and are characterized by the presence of multiple fenestrae arranged in sieve plates. Fenestrae lack a diaphragm and there is no basal lamina underneath the endothelium. The fenestrae lumina constitute an open connection between the sinusoidal lumen and the space of Disse (Wisse, 1970; Wisse et al., 1985) . One role of the fenestrae is filtration or sieving of the plasma (Fraser et al., 1978; Naito & Wisse, 1978; De Zanger & Wisse, 1982) , allowing only fluid and particles smaller than the fenestrae to reach the parenchymal cells or to leave the space of Disse. By using scanning electron microscopy (SEM) it has been demonstrated that several agents modulate fenestrae diameter and number, in vivo and in vitro (for reviews see Arias, 1990; Smedsrød et al., 1994; Fraser et al., 1995) . Recently, it was demonstrated that fenestrae are surrounded by a filamentous, fenestrae-associated cytoskeleton ring. Serotonin reduced the diameter for these fenestrae-associated cytoskeleton rings by 20%, whereas ethanol treatment enlarged the diameter by 5% (Braet et al., 1995) .
Since its invention by Binnig et al. (1986) , atomic force microscopy (AFM), also called scanning force microscopy (SFM), has been used to image a wide variety of samples (for reviews see Hansma & Hoh, 1994; Morris, 1994) . Dried, wet-fixed and living cells have formed three major subjects of investigation over recent years (Häberle et al., 1991; Henderson et al., 1992; Kasas et al., 1993; Barbee et al., 1994) . One of the advantages of AFM over SEM is the fact that samples require no coating, no vacuum is needed and electrons are avoided (Morris, 1994) . In addition, the AFM can be successfully operated in an aqueous environment (Oberleithner et al., 1993; Beckmann et al., 1994; Le Grimellec et al., 1994; . It was demonstrated that AFM scanning under wet conditions provides high-resolution imaging of biological samples (Henderson et al., 1992; Radmacher et al., 1992) . Evidence for the successful application of AFM for biological imaging comes from studies in which biological samples were previously imaged by SEM or transmission electron microscopy (TEM) (Hörber et al., 1992; Kordylewski et al., 1994) .
The above mentioned advantages of AFM prompted us to study LEC under different experimental circumstances, in vitro, by AFM. The aim of this study was to investigate surface and morphological changes of LEC and fenestrae by AFM. Fenestrae have a critical dimension of the order of 150-200 nm, making it necessary to use high-resolution microscopes, other than light microscopes. SEM served as a reference method in the acquisition of AFM data, because SEM examinations of cultured LEC have already extensively been described (Shaw et al., 1984; De Leeuw et al., 1990; Braet et al., 1994) .
Materials and methods

Isolation, purification and culture of LEC
The isolation of LEC has been described earlier as a modification of the method by Smedsrød & Pertoft (1985) . Briefly, rat liver cells were suspended by collagenase perfusion of the rat liver. Low-speed centrifugation of the cell suspension results in the removal of the parenchymal cells. Purification of the supernatant, containing a mixture of sinusoidal liver cells, was carried out on a two-step Percoll gradient (25/50%). After centrifugation for 20 min at 900 g, the intermediate layer between the two density layers was enriched in LEC. LEC purity was further enhanced during selective adherence on plastic dishes, removing adherent cells, such as Kupffer cells. The LEC were cultivated in 24-multiwell plates on thermanox coverslips (N.V. Technologies, ; 12 mm, Belgium) previously coated with collagen as a substrate for the culture of LEC (Collagen-S, Boehringer Mannheim, Belgium). Endothelial cell culture medium consisted of RPMI-1640 with 2 mM L-glutamine, 100 U/mL penicillin and 100 g/mL streptomycin. The purity of the LEC cultures was examined by SEM , and was estimated to be > 95%. Less than 5% of the cells were devoid of fenestrae.
Alterations of sinusoidal LEC fenestrations
LEC were cultured for 8 h and treated with 2 g/L ethanol 99 . 8% (v/v) for 90 min (Braet et al., 1995) . A second group of LEC was treated with 1 g/mL serotonin (Sigma Chemicals, H5755, U.S.A.) for 7 min (Braet et al., 1995) . In a third group LEC were treated with 10 g/mL cytochalasin B (Sigma Chemicals, C6762, U.S.A.) for 120 min (Steffan et al., 1987) . Control LEC were incubated in culture medium without ethanol or serotonin. In the case of the cytochalasin B experiment, control culture medium contained 0 . 4% dimethylsulphoxide but no cytochalasin B. After incubation with ethanol, serotonin or cytochalasin B, LEC were prepared for examination in SEM or AFM as described below.
Scanning electron microscopy
For the routine examination of LEC in SEM, cells were fixed with 2% glutaraldehyde in 0 . 1 M Na-cacodylate buffer with 0 . 1 M sucrose for 12 h. They were treated with filtered 1% tannic acid in 0 . 15 M Na-cacodylate buffer for 1 h and postfixed with 1% osmium tetroxide in 0 . 1 M Na-cacodylate for 1 h. SEM samples were dehydrated in graded ethanol solutions, critical point dried and sputter coated with 10 nm gold. The samples were examined with a Philips SEM 505 at an accelerating voltage of 30 kV. From each experimental variable 20 images were taken in randomly selected fields. For automatic analysis of fenestrae, digital images were acquired at 20 0002 magnification and a large spotsize (20 nm) to obtain images with low noise content. Digital images were processed on a Masscomp 5520S computer as previously described . The magnification of the SEM was regularly calibrated with a Polaron 30 000 L/inch replica, with the specimen in eucentric position.
Atomic force microscopy
The AFM used in this study is the Explorer TM (Topometrix TMX 2000, Darmstadt, Germany). The cantilever of the AFM was positioned in the optical axis of a Leica inverted microscope with a home-made adaptation. The design allows movement of the AFM independently of the inverted microscope. Standard silicon nitride tips (Topometrix SFMProbes, Ref. 1520-00, U.S.A.) with a spring constant of 0 . 032 N and a 4-m on 4-m pyramidal base were used. LEC cultured for 10 h on cover slips were scanned in contact mode, either dry in air or wet in 0 . 1 M Na-cacodylate buffer # 1996 The Royal Microscopical Society, Journal of Microscopy, 181, 10-17 supplemented with 0 . 1 M sucrose. The first set of preparations for AFM were prepared in identical manner to the samples for SEM (dried-coated). A second set was prepared identically, except that the cells were not sputter coated with gold (dried-uncoated). A third set of cells were only fixed with glutaraldehyde as described in the 'scanning electron microscopy section', and immediately examined with the AFM (wet-fixed).
In each experiment, 20 arbitrarily chosen areas of fenestrae were scanned with a scan range of 10 m; five images were recorded with a scan range of 20 m and 5 m. Images, taken in sensor current mode or topographic mode, were analysed by the Topometrix Image Analysis Software (Version V3.04). Images of preparations, scanned in sensor current mode, were displayed on the computer monitor. Photographs were taken directly from the computer monitor. The x-y-z calibration was regularly checked with a calibration grid.
Statistical analysis
All experiments were repeated three times. Statistical analysis was performed using the Mann-Whitney U-test.
Results
Scanning electron microscopy
After 10 h of culture, LEC are flattened and attached to the substrate and show a central, bulging nucleus, surrounded by clustered fenestrae in sieve plates (Fig. 1A,B) . Single fenestrae occur in peripheral zones of the cytoplasm (Fig.  1A) . At all magnifications, LEC show good preservation of their ultrastructural characteristics, i.e. fenestrae grouped in sieve plates (Fig. 1A-C) . Fenestrae have a diameter of 213 6 57 nm (n 1000). LEC treated with ethanol show enlargement of the fenestrae diameter by approximately 6%, whereas serotonin treatment reduced the diameter by 15% (Table 1) .
Atomic force microscopy
In a first group of experiments, LEC prepared for SEM were examined by AFM (Fig. 1D-F) . The results obtained are comparable with those obtained by SEM. Figure 1(D) shows an AFM picture at a high scan range (20 m 2 20 m) of an LEC after 10 h culture. The LEC shows a round to oval nucleus with a black shadowed side and smooth processes of the cytoplasm with well-preserved fenestrae. At higher magnification (Fig. 1E ) the cytoplasm shows fenestrae, some arranged in sieve plates, others lying single at the border of the cytoplasm. The AFM images also showed tip artefacts, i.e. pyramidal tip images on the cell surface (Fig. 1D,E) . The cell surface at high magnification displayed well-depicted fenestrae (Fig. 1F) . In addition, the surface of the cell showed a certain roughness, probably reflecting the gold-sputter layer on top of the LEC. Measurements of fenestrae diameter in these preparations, with the help of AFM software, gave values of 211 6 40 nm (n 100). Ethanol treatment enlarges the fenestrae diameter by 6%, whereas serotonin reduces the diameter by 20% (Table 1) . Height measurements between the lowest point of the sieve plates and the surrounding cytoplasm reveal that sieve plates lie approximately 200 nm lower than the surface of the nearby cytoplasm (Table 2) .
The second group, consisting of dried-uncoated LEC, provided images with lower quality. Images frequently showed streaks (Fig. 1G-I) , an indication that material of the soft cell surface is being removed by the tip. The number of streaks increased when the scanned area was heterogenous in height (Fig. 1G,H) . The typical bulging nucleus is still visible. However, the image of this region is rich in artefacts, i.e. linear streaks along the nucleus (Fig. 1G) . On the other hand, scanning of a smooth area of cytoplasm provides images with a small number of streaks (Fig. 1I) . Additionally, in highly corrugated areas, white bumps appeared on the images (Fig. 1G,H) . However, fenestrae and sieve plates could be recognized (Fig. 1G,H (Table 1) . Height measurements on sieve plates indicated that sieve plates were lying approximately 200 nm lower as compared to the surrounding cytoplasm ( Table 2) .
The third group of cells examined with the AFM consists of wet-fixed LEC (Fig. 2) . Results obtained are essentially comparable with those obtained after critical point drying and gold sputtering (Fig. 1A-C) . Scanning under buffer reduces the number of artefacts, i.e. the number of pyramidal tip images decreased significantly (Fig. 2) . In addition, areas around the bulging nucleus and other high regions were devoid of streaks ( Fig. 2A) . However, white bumps were more frequently observed and were related to high regions in the sample (Fig. 2B,C) . LEC could be clearly recognized at low magnification based on their fenestrated areas ( Fig. 2A,C) . The diameter of control, wet-fixed fenestrae was significantly larger (269 6 44 nm [n 100]) as compared to those obtained with dried LEC (see Table 1 ). Differences in fenestrae diameter between ethanol-and serotonin-treated LEC could be discerned (Table 1) . Measurements on sieve plates of control and ethanol-and serotonin-treated LEC reveal that there is no significant difference in height (Table  2) . LEC treated with cytochalasin B show an enormously increased number of fenestrae (Fig. 2C) . At high magnification, the fenestrated cytoplasm reveals the presence of typical small cytoplasmic unfenestrated dots which occur after treatment with the microfilament inhibiting drug (Fig. 2C,D) . 
Discussion
During imaging with the AFM, the sample is scanned with a sharp tip mounted on a soft cantilever with a low force constant. The force between the tip and the sample causes a displacement of the cantilever. This displacement is measured by a laser beam which is reflected from the cantilever and visualized as image information on a monitor. We observed details of LEC by AFM with a minimum of preparation steps (Fig. 2) . Our recently described isolation procedure of LEC allows us to visualize cultured cells at high resolution within 1 day by AFM. In the past, isolation of LEC by using elutriation and visualizing cultured LEC by SEM took days of work and great technical expertise was needed (De Leeuw et al., 1982; Steffan et al., 1987) .
Dried-coated LEC observed by AFM (Fig. 1D-F) show details comparable to SEM (Fig. 1A-C) . The glutaraldehydetannin-osmium fixation method induced precipitates on the cell surface, which were visualized in SEM as small white globules on the cell surface (Fig. 1A) . In AFM these structures give rise to artefactual, pyramidal tip images (Fig. 1D) , due to tip/specimen interactions on structures which have sharper contours than the AFM tip. In other words, in this case precipitates visualize the AFM tip, rather than vice versa Manne et al., 1994) . In addition, the shadow of structural details was observed on AFM images; for instance elevated regions, such as the nucleus, produce a black shadow (Fig. 1D) . Hörber et al. (1992) postulated that this scanning artefact occurs mainly on strongly corrugated surfaces, causing a phase shift in the imaging system when the tip has to move up or down. The 'snowy' structure of the gold-sputter layer on top of the LEC was also observed (Fig.  1F ). This structure is seen in SEM only at its highest magnification and resolution (40 0002 and 6 nm, respectively).
The scanning of dried-uncoated LEC provides AFM images of different quality (Fig. 1G,H) . At high scan range (20 m 2 20 m) it was impossible to obtain images without streaks. The streaks have the direction of the scanning movement, from left to right (Fig. 1H ). This type of artefact is probably caused by an interaction of the tip and the soft cell surface (Putman et al., 1993) . However, by using a lower scan rate on a small, smooth area of cytoplasm, the number of streaks decreased significantly (Fig. 1H,I ). A second artefact in dried-uncoated LEC was related to high, corrugated regions, resulting in white bumps (Fig. 1G,H) . This can be explained as smearing or lateral deformation which is most probably caused by the cantilever indenting the cell membrane (Beckmann et al., 1994) . This artefact 14 F. BR AET ET AL. # could not be resolved by decreasing the scan rate or force between the tip and cell surface. Shadowing of structural details was also observed, as described for dried-coated LEC (Fig. 1I) . We suppose that the main problem for imaging dried-uncoated LEC is the softness of the samples. From these results, it was clear that a thin layer of gold improved the image quality of dried LEC.
It was demonstrated earlier that scanning under wet conditions enables high-magnification imaging of biological samples (Henderson et al., 1992; Radmacher et al., 1992) , as confirmed by our results on glutaraldehyde-fixed LEC (Fig. 2) . It was reported that fixation increases the rigidity of cells (Beckmann et al., 1994; , resulting in an improved image quality, as opposed to living cells. Artefactual shadowing ( Fig. 2A,C ) and white bumps (Fig. 2B,C) were present, as discussed earlier. However, the images were devoid of streaks.
Fenestrae visualization has hitherto been restricted to SEM (Wisse et al., 1985) and TEM (Wisse, 1970) , due to their limited size (150-200 nm in diameter). We consider, therefore, the possibility of visualizing the fenestrae by AFM as an important achievement, particularly because preparation steps beyond fixation are not needed. AFM measurements reveal an average fenestrae diameter of 269 6 44 nm for wet-fixed LEC. In contrast, for dried-coated LEC an average diameter of 213 6 57 nm was found (Table 1) . This indicates, in accordance with preliminary observations (Wisse et al., 1985) , that dehydration and critical point drying causes a considerable shrinkage at the level of fenestrae. In addition, it is well known that 20-40% shrinkage occurs as a result of dehydration and critical point drying (Boyde & Maconnachie, 1984) . Recently, we were able to reduce this shrinkage of fenestrae by 7-10% using the glutaraldehyde-tannin-osmium fixation method . However, the shrinkage of dried-coated LEC fenestrae still remains at about 20%.
In addition, dynamic changes of fenestrae after treatment with ethanol and serotonin could be observed (Table 1) , as shown in our previous studies (Wisse et al., 1980; Braet et al., 1994 Braet et al., , 1995 . Measurements on AFM images showed changes in fenestrae diameter, i.e. a decrease after serotonin and an enlargement after ethanol, in accordance with measurements on SEM images (Table 1) . Our AFM results also confirm the increase in the number of fenestrae after cytochalasin B treatment (Fig. 2C ) and the presence of small cytoplasmic dots lying in the highly fenestrated cytoplasm (Fig. 2D) , previously observed by SEM (Steffan et al., 1987) .
Cell height data were obtained by AFM ( Table 2 ), indicating that sieve plates lie approximately 200 nm lower than the surrounding cytoplasm. No significant height difference was found in sieve plate depressions between control, ethanol-and serotonin-treated cells. Such data have not been reported previously. Indeed, topographical measurements in SEM are technically complicated and are subject to artefacts, such as shrinkage, whereas TEM gives height information only in vertically orientated sections, which are sometimes difficult to obtain (Williams, 1977) .
In conclusion: (1) dried-coated LEC are optimal samples for examination with AFM and the results are comparable in detail and resolution with SEM; (2) images of dried-uncoated LEC could be obtained, but contained a number of artefacts; (3) glutaraldehyde-fixation of LEC allows high-resolution imaging of cultured LEC, without the necessity of further preparative steps.
